By inoculating chickens intranasally with a collection of strains of infectious bronchitis virus (IBV) of the Massachusetts serotype and of Escherichia coli of different serotypes, a pool of viral and bacterial strains was selected which, on inoculation, consistently produced a highly lethal disease closely resembling the natural disease produced by these two organisms. The conditions for reproducing the experimental disease were not rigorous in that, within broad limits, the size of the viral and bacterial inocula were not important; neither were the times at which both organisms were administered in relation to each other. The breed or strain of chicken used was important and the resistance of chickens to fatal infection increased with age. When the E. coli strains of the pool were inoculated intranasally without the IBV component, the chickens remained well; bacteriological examination of chickens inoculated with one of the E. coli strains, O 18, revealed little evidence of invasion of the tissues or even of persistence of the inoculated E. coli strain in the upper respiratory tract. A minority of the IBV strains examined were lethal for chickens when inoculated without E. coli but many of them only produced a substantial mortality when the E. coli were included in the inoculum; IBV strains in this latter category included the vaccine strains H52 and HI20. High concentrations of IBV strain M41 and E. eoli O18 persisted in the upper respiratory tract for a number of days after they had been inoculated together. Much lower concentrations of IBV M41 were found in the internal organs, such as the spleen; E. coli O18 was only found in these sites in some of the inoculated chickens. Coliform organisms proliferated in the upper respiratory tract of chickens inoculated with IBV alone; they were rarely found in their internal organs.
INTRODUCTION
Investigations into many aspects of infectious bronchitis in chickens, and especially those on immunity to the disease, have been hampered by the fact that the clinical signs and pathological lesions that follow the inoculation of chickens with the causal virus (IBV) are often so mild and transient as to escape detection. Nevertheless, it is commonly believed that in broiler chickens maintained under commercial conditions the lesions caused by the virus are sufficiently severe to permit Escherichia coli to invade the affected tissues and give rise to a generalized infection, often with high mortality. There is evidence to support this view in that a condition resembling the natural disease can be produced by inoculating chickens with a mixture of IBV and E. coli (Gross, 1958 (Gross, , 1961 Fabricant & Levine, 1962) . We decided, therefore, to determine whether the experimental disease could be developed to a stage at which it could be used to provide reliable information on infectious bronchitis in particular and mixed virus/bacterium infections in general. In most published attempts to produce the disease one or both of the causal agents had been inoculated into the trachea or into a thoracic air sac. Our aim was to be able to produce a severe disease consistently by giving both agents intranasally because this would more closely resemble the natural route of infection; Springer et al. (1974) had found that this method of administration gave rise to only a mild disease. The results of our investigations are reported in 0000-6363 © 1985 SGM Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sat, 09 Mar 2019 23:14:36 this paper. Our basic plan was to inoculate chickens intranasally with a pool of IB viruses of the Massachusetts serotype, the type most commonly incriminated in infectious bronchitis, together with a pool of E. coil strains which had been isolated from different outbreaks of infection in chickens. By so doing we hoped that the chickens would select out the best virus and bacterial strains for use in our animal model. The necessity of using chickens that had not acquired immunity to IBV and to E. coli in these and in subsequent studies was immediately obvious. This presented no problem in regard to IBV but in regard to E. coil it appeared formidable. We thought the E. coil problem might, at least, be partly overcome by searching not for one strain to use in our final model but for one strain of each of several serogroups, serogroups that would include 078 ~"d O2:K1, the ones most commonly incriminated in outbreaks of natural infection.
Early in the work it became apparent that, contrary to expectation, some of the mortality occurring in our experimental animals given virus and bacterium appeared to be due to the activity of the virus alone. Because of this, in all the subsequent experiments an attempt was made to classify the mortality into that due to a combination of virus and bacterium and that due to virus alone, even though we realized that this method of classification could not be relied on with certainty.
METHODS
Bacterial and viral strains. All strains of E. coli, except one, had been isolated in the previous 10 years from different outbreaks of generalized E. coli infections in chickens. They belonged to serogroups 02 :K1 or 078 or to other, undetermined, serogroups. The exceptional strain of serotype O 18ac : K 1 : H7, a type that causes generalized infections in chickens and human beings, had been isolated from the brain of a baby suffering from meningitis (Smith & Huggins, 1980) . It was used as a spontaneous mutant resistant to sodium nalidixate (NalT). The strains were maintained lyophilized and on Dorset's egg medium at 5 °C.
The 1BV strains comprised eight of the Massachusetts serotype, M41, VF69-149, HV2, H V 10, HV 1-140, VF70-873, and the two commercially used vaccine strains, H52 and H120, and 11 not of this serotype. Of the latter, four were the well-documented strains Holte, Gray, T and Connecticut; five, HVI-116, D41, D43, 183 and VF70-861, have been described by Darbyshire et al. (1979) and two, 2 and 6, have been described by Cook (1984) . The strains were maintained in Eagle's MEM containing 0.2,°,0 bovine serum albumin and stored at -60 °C.
Culture media and cultural conditions, Broth cultures of E. coli consisted of organisms grown in 10 ml nutrient broth, Oxoid No. 2 (CM67), in a shaking water-bath (approximately 100 r.p.m.) and contained approximately 2 × 10 ~ viable organisms per ml. The MacConkey's agar employed was from Oxoid (CM7). All cultures were incubated at 37~C for 24 h.
Viruses were grown in explants of the trachea of 20-day-old chicken embryos according to the method of Cook et al. (1976) but without antibiotics. The culture fluids were harvested 24 h after inoculation. Their infectivity was assayed as described previously (Cook et al., 1976) except that serial 0.5 log~o dilutions were employed instead of serial 1.0 log~c~ dilutions. Titres were expressed as median ciliostatic doses (CDso). Unless stated those of all cultures were approximately, lOglo, 6-5 CDso/ml.
Bacterial and viral assays. The number of E. coli organisms in cultures, blood, nose, trachea, lung, heart, liver, spleen, kidney and small intestine and caecum with their contents were estimated by a modification of the method of Miles & Misra (1938) , the samples from the nose, lung, heart, liver, spleen and kidney and the visceral surfaces of the small intestine and caecum being washed in running tap water immediately after removal. All samples except blood were ground with sterile sand in a pestle and mortar and nutrient broth added to give a 109,~ (w/v) suspension. The nose was taken to be the portion of the beak extending about 1.0 cm posteriorly from the nostrils it was removed with sharp scissors. The tracheal and small intestine samples comprised a 3.0 cm segment removed from their middle region. Plain MacConkey's medium was used for determining the total E. coli count and, when necessary, this medium containing sodium nalidixate, 20 pg/ml, for counting the Nal r O I8:KI:H7 strain. For estimating their viral content 200 units/ml penicillin and 200 ~g/ml streptomycin were added to the samples (substituting the caecal tonsil for the caecal contents) which were held at 5 °C for I to 2 h and then centrifuged at 2000 g for 15 min. Serial tenfold dilutions of the supernatants were prepared in Eagle's MEM containing 1000 units/ml penicillin and 1000 ~tg/ml streptomycin and inoculated onto tracheal organ cultures (Cook et al., 1976) .
Determination of the incidence of organisms of difJerent serogroups of E. coli in injected chickens. The relative amounts of E. coli of different serogroups in hearts or livers of chickens were estimated by performing slideagglutination tests with appropriate antisera on E. coli colonies that grew from cultures of these organs on plain MacConkey's agar.
Experimental animals and inoculation procedures. InJectious bronchitis virus and E. coli infection 779 aged approximately 9 days, were used in all experiments; when chickens of other breeds were used they were also aged approximately 9 days and free of IBV and mycoplasma. They were kept in strict isolation and fed adlibitum on a crumbed commercial diet. Unless otherwise stated, they were inoculated by placing in their anterior nares 0-1 ml of organ culture fluid containing approximately, log~0, 5.5 CDs0 of virus which had been mixed with approximately, log~,, 8-3 viable E. coli organisms from centrifuged broth cultures. The chickens were inspected twice daily for 14 days (deaths seldom occurred after that time) and the liver or pericardial sac of the dead ones were cultured on MacConkey's agar. Chickens whose livers or heart yielded a profuse growth of the E. coli strains with which they had been inoculated and/or had proliferative pericarditis or peritonitis were recorded as having died from a combination of IBV and E. coli infection. Other deaths were recorded as being due to IBV infection alone; the principal lesions in these chickens (which were also present in those recorded as having died from IBV and E. coil infection) were inflammation of the air sacs and of the upper respiratory tract (i.e. nose. trachea and bronchi), the trachea and bronchi often containing large plugs of inspissated exudate.
RESULTS

Intranasal inoculation of chickens wi'th pools of different strains of IB V and E. coli
Groups of 35 chickens were given intranasally pooled cultures of the eight IBV strains of the Massachusetts type together with pooled cultures of either 22 E. coli strains of serogroup 078, 19 strains of serogroup 02 : K 1, the O18 : K 1 : H7 strain or 22 strains untyped but not belonging to serogroups 078, O2:K1 or O18. Within a few days the chickens developed the typical clinical signs of natural infectious bronchitis and half or more of those in each group died. Isolates of E. coli from the livers of 12 chickens that died in each group together with IBV cultures taken from the lungs of four chickens that died in the same group were given intranasally to another four groups of 35 chickens. Most of the chickens in these groups also died. An isolate of E. coli was obtained from the liver of one dead chicken in each group with typical pathological lesions and the four isolates were appropriately designated 078, 02, Ol 8 or UT (untypable). The UT strain was later examined by Dr B. Rowe of the Central Public Health Laboratory, Colindale, London, U.K. who reported that it did not possess any of the known E. coliO antigens. A mixture of equal amounts of the four strains are subsequently referred to as the E. coli Pool. Equal amounts often IBV cultures from the lungs of two or three dead chickens in each of the groups from which the 078, 02, O18 or UT strains were isolated were also pooled; the mixture is subsequently referred to as the IBV Pool.
The results of giving groups of chickens intranasally the IBV Pool with the E. coli Pool or its four component strains are summarized in Table 1 . All the chickens given the E. coli Pool alone remained well but many of those given the IBV Pool alone died, the lesions noted at autopsy, inflammation of the upper respiratory tract and, in some chickens, air-sacculitis, implying that they had died from infection with IBV only; large plugs of inspissated exudate were found in the trachea and bronchi of many of the dead chickens. Autopsy findings of dead chickens that had been given E. coli in addition to the IBV Pool revealed that a considerable proportion of these, too, appeared to have died from infection with IBV only. The presence of severe pericarditis and peritonitis ( Fig. 1) and/or the isolation of large numbers of E. coli from the internal organs of many of the dead chickens, though, indicated that secondary invasion by the inoculated E. coli was, at least, partly responsible for their deaths. There was no great difference in mortality rate between the groups of chickens given the E. coli Pool, or each of its component strains, with the IBV Pool.
In the chickens given IBV with or without E. coli the mortality commenced 5 days after inoculation and had largely ceased by the 14th day. Most of the mortality attributed to IBV alone and to IBV + E. colioccurred 7 to 10 days after inoculation; the mortality due to each cause was fairly evenly distributed over this period. Most of the chickens recorded as having died from IBV + E. coli infection had pericarditis and many of these had peritonitis; it was unusual to find chickens with peritonitis but not pericarditis. All of ten E. coli isolates from the liver or pericardial sac of each of 40 of 88 of the chickens that had died following inoculation with the mixtures of IBV and the E. coli Pool (Table 1) were of the 078 strain. All of those from another 18, 17 and seven were of the 02, UT or Ol 8 strains respectively; the ten colonies from each of the remaining six chickens comprised a mixture of two or three of the four strains. Massachusetts-type virus strains that had originally formed the IBV Pool revealed that the particular viral strain included in the mixture had a significant effect on the severity of the disease produced (Table 2 ). The inclusion of strains VF69-149 and HV2 gave rise to a mortality rate similar to that caused by the mixture of the E. coli and IBV Pools. That caused by the inclusion of most of the other strains, including the two commercially available vaccine strains H120 and H52, was much lower; E. coli was implicated in all the mortality that occurred in the groups of chickens given the vaccine strains. Only one of 11 non-Massachusetts-type virus strains, HV 1-116, caused a severe disease when given to chickens with the E. coli Pool (Table 2) ; the chickens given the Connecticut strain with the E. coli Pool exhibited no signs of ill health and no lesions were observed in any of them when they were killed at the end of the experiment. E.
coli was implicated in most of the mortality caused by the strains other than HVI-116.
Effect of giving chickens intranasally different doses of the IBV and E. coli Pools
Giving chickens decreased doses of the IBV Pool with or without the standard dose of the E.
coli Pool had no effect on mortality rate or survival times ( 
EjCject of giving chickens the E. coli Pool before or after the IBV Pool
Giving the E. coli Pool 7, 4 or 1 days before the IBV Pool or 3 days after it had no obvious effect on the disease that was produced (Table 4 ). In chickens given the E. coli Pool 6, 9, 12 or 15 days after the IBV Pool there was a progressive reduction in the incidence of disease attributable to E. coli. Deaths from such disease tended to occur later in the infection than they did in chickens that had been given their E. coli inoculum earlier. 
Effect of giving chickens of different ages the E. coli Pool with the IBV Pool or with IBV H120
Giving chickens intranasally mixtures of the E. coli and IBV Pools at different times after hatching revealed that with age they became progressively more resistant to fatal infection, especially to that attributed to IBV alone ( used in all other experiments, was much higher than that which occurred in a group of commercial hybrid chickens (Table 6 ). When the experiment was repeated in another group of the commercial hybrid chickens the mortality rate was the same.
Fate of lBV strain M41 and E. coli strain 018 given separately and together to chickens
Estimating the concentration of IBV strain M41 and E. coli strain O18 in the tissues of chickens killed at different times after they had been inoculated intranasally when 25 days old with a mixture of these organisms revealed that moderately high concentrations of both were present in the nose and trachea from about the 2nd to the 8th day after inoculation, O18 being more plentiful in the nose than in the trachea and M41 usually being more plentiful in the trachea than in the nose (Tables 7, 8) . After this period they were found only inconsistently and less plentifully in these sites. Strain M41 was found in the spleen, liver, caecal tonsil, kidney, lung and heart of most of the chickens examined at 1 to 10 days after inoculation, the concentrations present resembling those quoted for the spleen in Table 7 , except that those in the lungs were occasionally higher. After the 10th day it was found with a progressively decreased degree of consistency in the spleen, liver and caecal tonsil and not at all in the lung, kidney and heart. E. coli O18 was only isolated from the spleen of 14 of the 48 chickens examined in this experiment and these, as a group, looked more unwell when they were killed than the others. It was usually found in the lungs, heart, kidneys and liver of 10 of the 14 but not in any of these organs of the remaining 34 chickens; the concentration of IBV M41 in all the specimens examined from the 14 were no higher than they were in the specimens examined from the other chickens. The concentrations of O18 organisms in the heart and in the lungs of five of the chickens were 10 to 100 times higher than they were in the spleen or liver; these chickens had pericarditis. The 10 chickens showing evidence of generalized E. coli O18 infection were not grouped together in any particular period after inoculation; one was detected amongst the three Table 7 . Amount of lBV strain M41 and E. coli 018 in the nose, trachea and spleen of chickens at different times after intranasal inoculation with these organisms* lOglo Amount of organism per g tissuet ]" For other details, see Table 7 . Caecat tonsil in the case of M41.
examined on each day from the 2nd to the 10th day after inoculation and one on the 12th day. E.
coli O 18 was found in the caecal contents of 46 of the 48 chickens that were examined, usually in concentrations of, log10, 5-0 to 6.0, constituting about 0.1 to 1.0~ of the total coliform flora. When the above experiment was repeated using an inoculum consisting of IBV M41 alone, the distribution of virus in the different tissues at the different times after inoculation was, in general, the same as when E. cob O18 had been included in the inoculum. Coliform organisms were found in low concentration in the lungs, liver and kidney of one of the 48 chickens given IBV M41 alone. They were not isolated from the heart, liver, spleen, kidneys or blood of any of the others but they were isolated from the lungs of four of them. They were found in high concentrations in the nose and in lower concentrations in the trachea of most of the chickens examined from the 1st to the 9th day after inoculation, the concentrations being much higher 7.3 4.0 <1.5 <1.5 <1.5 <1.5 6 7-7 3-2 2-5 <1-5 <1-5 <1.5 7 7.0 4-0 <1-5 <1-5 <1-5 <1.5 8 7.2 4.3 <1.5 <1.5 2.7 <1.5 9 5-5 3.0 2.0 <1-5 <t.5 <1-5 10 4.7 2.9 4.3 3-5 <1.5 <1-5 11 4-9 2-2 3-0 <1.5 3.7 <1.5 12 2-5 2-0 <1-5 <1.5 <1.5 <1.5 14 3.5 1.8 3-7 <1-5 3.0 <1-5 16
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(1 <1.5 3.7 2-2 <1.5 <1-5 * Three chickens given, log,, 5-5 CDs,, of IBV strain M41 or, loggy, 8-3 viable organisms of E. coli strain O18 were killed at each of the stated times and the concentrations of coliforms or coliforms and E. coli O18 in their tissues were determined; the medians of each set of three determinations for the nose and trachea are shown. For other details, see Table 7 .
t Including E. coli O18. than those of coliforms or E. coli O18 in noses or tracheae of chickens given E. coli O18 alone instead of IBV M41 alone (Table 9) ; apart from one chicken in which E. coli O18 was found in low concentration in the lungs, neither coliforms nor E. coli O18 were isolated from the lungs, heart, liver, spleen, kidneys or blood of any of the other 47 chickens given E. coli O 18 alone. No coliform organisms were found in the noses of eight of a group of 20 uninoculated chickens; the approximate numbers, logl0/g, in the remaining 12 were 4.3 (five chickens), 2.3 (two) and 1-3 (five).
DISCUSSION
Although there was some variation from experiment to experiment, a mortality rate higher than 50% usually occurred when groups of chickens were given intranasally the IBV Pool with the E. cob Pool or with a single E. coli strain or, in some cases, a single IBV strain with the E. coli Pool. Furthermore, because the experimental disease closely resembled the natural disease, clinically and pathologically, it should be suitable for studying the many aspects of infectious bronchitis that still require elucidation and, particularly, the assessment of immunity. It is noteworthy that the conditions for reproducing the disease were not rigorous in regard to dosage or in regard to the time of administration of the virus and bacterium in relation to each other. The breed, or possibly the strain, of chicken employed was important as evidenced by the great difference between the mortality rate that occurred in the Rhode Island Red chickens, the standard chickens used in the study, and the commercial hybrid chickens. The reduction of mortality rate with age is another aspect of the disease that requires consideration when planning experiments.
The possibility that natural active or passive E. coli immunity in our chickens might complicate the development of a satisfactory model (the reason for including four antigenically different strains in the E. coli Pool) did not materialize. Although there might be other reasons for the observation that all of the ten E. coli isolates examined from each of the chickens infected with the IBV and E. eoli Pools usually belonged to only one of the four strains rather than to a mixture of them, it is possible that qualitative differences in immunity in our chickens were implicated. Consequently, it would be wise in studies employing the model, where experimental conditions permit, to continue using the E. coli Pool rather than one E. eoli strain.
The high incidence of mortality attributable to pure IBV infection that sometimes occurred in chickens given the IBV Pool alone or, if our method of classification is reliable, with E. coli was unexpected in view of published and unpublished reports to the contrary. However, when single viral strains were tested it became clear that most of them were of low virulence, only being able to cause appreciable mortality by virtue of the inclusion of the E. coli strains in the inocula. It is of interest in this respect that the widely used vaccine strains H52 and H120 caused some mortality when combined with the E. coli Pool, an observation that accords with reports that clinical disease occasionally follows the use of these vaccines in the field. It is noteworthy, too, that most of the mortality attributed to virus alone occurred in younger chickens, that its incidence was very variable, and that it was difficult to decide whether it was actually due to the direct action of the virus on the tissues of the host or to mechanical blocking of the trachea or bronchi by plugs of inspissated exudate.
E. coil O 18 was never found in high concentration in any of the tissues of the chickens killed at different times after they had been given organisms of this strain without IBV, an observation that accords with the finding in the other experiments that chickens so inoculated remained well thereafter. The concentration of E. coil O18 and of other coliforms in the noses of these chickens was low and the O18 organisms seldom persisted there for more than 3 days after inoculation. The position in the chickens given IBV M41 was quite different in that coliforms did proliferate in their noses but they were rarely found in their internal organs, presumably because, unlike the E. coli strains included in the pool, they lacked the characteristics necessary for invasion. The concentration of virus in the tissues of chickens in which E. coli invasion had occurred following inoculation with IBV strain M41 and E. coli O18 were no higher than they were in the tissues of similar chickens in which invasion had not occurred. This suggests that the actual concentration of virus in the tissues may not influence E. coli invasion nor does E. coli invasion influence further multiplication of virus in the invaded tissues. Nevertheless, it is highly probable that the most important factors involved in the development of generalized E. coli infection in our chickens was damage to the respiratory tract by IBV and the presence in the tract of E. coli organisms able to invade.
We are grateful to Mrs M. M. Ellis and Mr P. Green for their capable technical assistance. We are also indebted to Professor P. M. Biggs, Mrs E. W. Hanna, Mrs S. Pilcher and Mr B. Wells and his stafffor helping in a variety of ways.
